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ABSTRACT
The X-ray light-curves of the recurring outbursts observed in low-mass X-ray binaries
provide strong test beds for constraining (still) poorly understood disc-accretion pro-
cesses. These light-curves act as a powerful diagnostic to probe the physics behind the
mechanisms driving mass inflow and outflow in these binary systems. We have thus
developed an innovative methodology, combining a foundation of Bayesian statistics,
observed X-ray light-curves, and accretion disc theory. With this methodology, we
characterize the angular-momentum (and mass) transport processes in an accretion
disc, as well as the properties of the X-ray irradiation-heating that regulates the de-
cay from outburst maximum in low-mass X-ray transients. We recently applied our
methodology to the Galactic black-hole low-mass X-ray binary population, deriving
from their lightcurves the first-ever quantitative measurements of the α-viscosity pa-
rameter in these systems (Tetarenko et al. 2018). In this paper, we continue the study
of these binaries, using Bayesian methods to investigate the X-ray irradiation of their
discs during outbursts of strong accretion. We find that the predictions of the disc-
instability model, assuming a source of X-ray irradiation proportional to the central
accretion rate throughout outburst, do not adequately describe the later stages of BH-
LMXB outburst light-curves. We postulate that the complex and varied light-curve
morphology observed across the population is evidence for irradiation that varies in
time and space within the disc, throughout individual transient outbursts. Lastly, we
demonstrate the robustness of our methodology, by accurately reproducing the syn-
thetic model light-curves computed from numerical codes built to simulate accretion
flows in binary systems.
Key words: accretion — accretion discs — black hole physics — stars: black holes
— X-rays: binaries
1 INTRODUCTION
Throughout their lifetimes, many astrophysical objects (e.g.
newborn stars, planets, black holes) grow and evolve by ac-
cumulating mass through a disc. For these objects to grow,
matter must lose angular momentum to flow inward, and
avoid being removed from the system via outflows. Among
accreting astrophysical systems, low-mass X-ray binaries
(LMXBs), in which compact objects (neutron stars and
black holes) accrete from nearby, low-mass (M2 . 1 M)
stars, provide us with strong test beds for constraining this
poorly understood process of accretion.
So far, 18 confirmed (and ∼ 46 candidate) LMXBs har-
? E-mail: btetaren@ualberta.ca
bouring stellar-mass black holes (BHs) have been identified
through their bright X-ray outbursts, indicative of rapid ac-
cretion episodes, in our Galaxy (McClintock & Remillard
2006; Tetarenko et al. 2016; Negoro et al. 2017; Kawamuro
et al. 2018; Kawase et al. 2018; Barthelmy et al. 2018, and
refs therein). All these systems are transient. They display
long-term behaviour characterized by extended periods of
time (typically years to decades) spent in a quiescent state,
where the system is faint (LX ∼ 1030 − 1033 erg s−1) as a
result of very little accretion occurring onto the compact
object (e.g. Garcia et al. 2001). These prolonged quiescent
periods are interrupted by occasional bright disc-outbursts,
typically lasting hundreds of days, during which the X-ray
luminosity will increase by multiple orders of magnitude (
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LX,peak ∼ 1036−1039 erg s−1; Chen et al. 1997; Tetarenko et al.
2016).
Although less frequent, the recurring nature of out-
bursts observed in transient BH-LMXBs is reminiscent of
the behaviour observed in dwarf novae (i.e. compact binary
systems consisting of a white dwarf accreting from a low-
mass companion; Warner 1995). In dwarf novae, the mech-
anism behind such outbursts is well understood using the
disc-instability model (DIM; Osaki 1974; Meyer & Meyer-
Hofmeister 1981; Smak 1983, 1984; Cannizzo et al. 1985;
Cannizzo 1993; Huang & Wheeler 1989), which predicts al-
ternating periods of bright disc-outbursts, lasting days, and
faint quiescence, lasting weeks. According to the DIM, this
behaviour results from a thermal-viscous instability devel-
oping within the disc, causing it to cycle between a hot,
ionized outburst state and a cool, neutral, quiescent state.
The instability, triggered by the continuous accumulation
of matter from the companion star eventually heating and
subsequently ionizing the disc, causes a dramatic increase
in the viscosity (i.e. the ability of the disc to move angular
momentum outwards) of the disc. This increased viscosity
results in a rapid in-fall of matter onto the compact object
and a bright outburst in the optical and ultraviolet (UV)
bands.
X-ray irradiation of the disc must be taken into account
when describing transient outbursts of LMXBs. LMXBs
have deeper potential wells and thus undergo brighter X-
ray, optical, and UV outbursts that last longer and recur
less frequently (Tetarenko et al. 2016), than most dwarf no-
vae1. The majority of the UV, optical and infrared (IR) light
emitted by the accretion discs in LMXBs comes from repro-
cessed X-rays. Here the inner regions of the accretion flow
heat the outer disc (van Paradijs 1983; van Paradijs & Mc-
Clintock 1994; van Paradijs 1996). A major contributor to
the thermal balance in the accretion flow, this X-ray irradi-
ation keeps the disc in a hot, ionized state controlling most
of the outburst decay towards quiescence. Consequently, the
light-curve profile for an outburst of an irradiated disc will
differ from that of a non-irradiated disc (King & Ritter 1998;
Dubus et al. 2001).
Taken as a whole, the multi-wavelength light-curves of
the recurring outbursts in LMXBs encode within them key
physical parameters describing how (and on what timescale)
matter moves through, and is removed from, the discs
in these systems. Thus, LMXB outburst light-curves offer
a means in which to understand the mechanism behind
the X-ray irradiation affecting these discs which still re-
mains poorly understood (see Dubus et al. 1999 and ref-
erences therein). Accordingly, we have developed an innova-
tive methodology, combining a foundation of Bayesian statis-
tics, the observed X-ray light-curves, and accretion disc the-
ory. With this methodology, we characterize the angular-
momentum (and mass) transport processes in an accretion
disc, as well as the properties of the X-ray irradiation-
heating that the discs are subject too.
In Tetarenko et al. (2018) (hereafter Paper I), we pre-
1 The notable exceptions here are WZ Sge type dwarf novae,
where outbursts typically last months and recur after tens of
years, similar to those of BH-LMXBs. See Kato 2015 for a re-
view of WZ Sge dwarf novae.
sented the details of this methodology. By applying this ap-
proach to the BH-LMXB population, we were able to derive
the first-ever measurements of the efficiency of the angular-
momentum (and mass) transport process (parametrized via
α-viscosity; Shakura & Sunyaev 1973) in the X-ray irradi-
ated discs of LMXBs, directly from observations. In this pa-
per, we continue our analysis of Galactic BH-LMXB discs
with our methodology, studying the physical properties of
the X-ray irradiation heating these discs.
The outline of this paper is as follows. In Section 2 we
describe how our model of the X-ray irradiation affects the
accretion discs in LMXB systems and the Bayesian method-
ology we employ. Section 3 describes the application of our
methodology to the BH-LMXB population of the Galaxy, in-
cluding details behind the selection of our BH-LMXB source
and outburst sample, and X-ray data collection, reduction,
and analysis procedures. In Section 4, we present the results
of fitting the X-ray light-curve profiles of our BH-LMXB
outburst sample and the observational constraints that can
be derived using these characterized light-curve profiles. In
Section 5 we discuss what LMXB light-curve profiles can
tell us about the structure and geometry of the irradiation
source heating LMXB discs and how our observationally
based methodology compares to the output of numerical disc
codes. Lastly, Section 6 provides a summary of this work.
2 MODELLING THE X-RAY IRRADIATION
AFFECTING LOW-MASS X-RAY BINARY
DISCS
2.1 The Irradiation Prescription
X-ray irradiation from the inner accretion region is the dom-
inant factor that determines the temperature over most of
the accretion disc during outbursts of BH-LMXBs. The frac-
tion of the X-ray flux that is intercepted and reprocessed in
the outer disc is not well understood. Simple prescriptions
based on the radial profile of the disc height lead to shad-
owing of the outer disc, suggesting part of the irradiation
process may occur via a larger-sized scattering corona (Kim
et al. 1999; Dubus et al. 1999). We make use of the prescrip-
tion used by Dubus et al. (2001) to model the lightcurves of
X-ray irradiated BH-LMXB accretion discs,
T4irr =
CirrLbol
4piσSBR2
. (1)
Here, Cirr is a constant encapsulating the information about
the fraction of the bolometric accretion (mostly X-ray) lu-
minosity (Lbol = ηc2 ÛMc for radiative efficiency η) that is
intercepted and reprocessed by the disc (i.e. it encapsulates
the irradiation geometry, the X-ray albedo, the X-ray spec-
trum, etc.). Since the effective temperature of the disc is
defined through
T4eff =
3GM ÛM
8piσSBR3
, (2)
the ratio of the irradiation to effective temperatures is
T4irr
T4eff
=
4
3
Cirrη
R
RS
, (3)
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where RS = 2GM/c2 is the Schwarzschild radius, disc irradi-
ation is important only in the outer disc regions (R > 103 RS
for η = 0.1 and Cirr ∼ 5 × 10−3, see below).
Physically, Cirr controls the overall outburst duration
and sets a limit on the amount of mass that the black hole
can accrete during the outburst. A larger value of Cirr, cor-
responding to stronger irradiation in the outer disc, will in-
crease the duration of the outburst and thus, the relative
amount of matter that can be accreted during a given out-
burst. A larger Cirr during outburst will also result in a more
lengthy quiescent period following the outburst, as the disc
will require more time to build up again.
The actual value Cirr takes in accretion discs has been
a matter of debate for decades. Cirr (in the outer disc) has
been previously measured in five BH-LMXBs (by modelling
a combination of X-ray and optical data) and two persis-
tently accreting (non-transient) neutron star LMXBs. In
these cases, the authors assumed a vertically-isothermal disc
and derived a disc opening angle and albedo from opti-
cal observations. For the BHs: Hynes et al. (2002) found
Cirr ∼ 7.4 × 10−3 for XTE J1859+226; Suleimanov et al.
(2008) estimated ∼ 7 × 10−4 and 3 × 10−4 for A0620−00 and
GRS 1124−68, respectively; for XTE J1817−330, Gierlin´ski
et al. (2009) found Cirr ∼ 1 × 10−3 in the soft state and
∼ 6 × 10−3 in the hard state (consistent with predictions
of increased absorption of hard X-ray photons); and finally
Lipunova & Malanchev (2017) constrain Cirr < 6 × 10−4 for
4U 1543−47. Vrtilek et al. (1990) and de Jong et al. (1996)
model two persistent neutron star LMXBs, leading to the
so-called “standard” value of Cirr ∼ 5 × 10−3 typically as-
sumed in theoretical work. This value of Cirr has also been
shown to be consistent with the amount of X-ray heating
required to stabilize persistent neutron star and transient
BH LMXB systems against the thermal-viscous instability
(van Paradijs 1996; Coriat et al. 2012). However, as we only
have this limited sample of BH-LMXBs where Cirr has ac-
tually been estimated, it remains unclear whether the same
value would describe the outburst properties of discs across
the Galactic BH-LMXB population. Moreover, it is also un-
known how (or if) the value of Cirr varies from source to
source (e.g., with changing Porb or component masses (Esin
et al. 2000b)) or even between outbursts of the same source
(e.g. with changing peak outburst luminosity or outburst
duration; Esin et al. 2000a).
2.2 The Light-Curve Model
The outburst light-curve of an LMXB, as predicted by
DIM+irradiation, involves a characteristic three-stage de-
cay profile after the outburst peak (see King & Ritter 1998;
Dubus et al. 2001). The outburst decay begins with a viscous
phase during which the X-ray irradiation from the inner ac-
cretion flow can keep the whole disc in a hot (ionized) state,
preventing the onset and propagation of a cooling front.
Since the accretion rate is larger than the mass-transfer rate,
and the mass of the hot disc can only change through central
accretion onto the black hole, the light curve will show an
exponential-shaped decline on the viscous timescale. Over
time, the mass in the disc and central mass-accretion rate
will decrease. When the dimming X-ray irradiation can no
longer keep the outer regions of the disc in the hot (ion-
ized) state (i.e. above the hydrogen ionization temperature
Tirr(Rdisc) > 104 K), a cooling front forms and propagates
down the disc, bringing the disc to a cold state.
At this point, the second phase of the decay begins,
during which the speed of the propagation of this cooling
front, and thus the timescale of the phase itself, is controlled
by the temperature of the decaying irradiating X-ray flux.
Here, the cooling-front inward propagation is hindered by
irradiation. The farthest it can move inward is set by the
radius at which T = 104 K. While the hot (ionized) zone
of the disc will continue to flow and accrete, it must now
gradually shrink in size as the central mass-accretion rate
decreases (Rhot ∼ ÛM1/21 ), leading to a linear-shaped decline
in the light-curve.
Eventually, the central mass accretion rate will become
small enough that X-ray irradiation will no longer play a role
and the system will enter the final (thermal) decay stage.
X-ray irradiation may also decline faster than the mass ac-
cretion rate when the inner disc switches to a radiatively-
inefficient accretion flow with a smaller radiative efficiency η.
At this point the cooling front will be allowed to propagate
inward through the thin disc on a thermal-viscous timescale
(where the speed of the front can be written as v f ∼ αcS),
where cS is the sound speed for Teff ∼ 104K. Ultimately
resulting in a steeper final dwarf-nova type decline in the
light-curve down to the quiescent accretion level.
As detailed in Paper I, we have built an improved an-
alytical version of this “classic” irradiated disc-instability
model. Our version builds on the simple model of irradiated
discs by King & Ritter (1998), using the irradiation flux as
set by Equation 1. This analytical model effectively charac-
terizes the light curve profile of a transient LMXB using five
parameters as follows,
fX =
{
( ft − f2) exp (−(t − tbreak)/τe) + f2 t ≤ tbreak
ft (1 − (t − tbreak)/τl) t > tbreak
where τe is the viscous timescale in the hot (ionized) zone of
the disc, τl is the timescale of the irradiation-controlled stage
of the decay, tbreak defines the transition time between vis-
cous and irradiation-controlled stages, ft is the correspond-
ing bolometric X-ray flux of the system at time tbreak, and f2
represents the bolometric flux limit of the viscous stage of
the decay, dependent upon the mass-transfer rate from the
companion (− ÛM2) and source distance (d). See Powell et al.
(2007) and Heinke et al. (2015) for full derivation of this
analytical form and Paper I for a more detailed discussion
on the development of this model.
While the formalism developed by King & Ritter (1998)
is simplified compared to other formalisms (e.g., Lipunova
& Shakura 2000, where the kinematic viscosity is allowed to
vary with surface density and time), it remains unclear if
the additional layers of complexity in a more detailed semi-
analytical model provide a correspondingly clearer physical
insight. In addition, we continue using the King & Ritter
(1998) formalism for continuity with Paper I.
2.3 The Bayesian Hierarchical Methodology
As detailed in Paper I, the viscous timescale τe in the disc
can be written in terms of the α-viscosity parameter (αh),
which describes the efficiency of angular-momentum and
mass transport through the hot zone of the disc, compact
MNRAS 000, 1–13 (2018)
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object mass (M1) and accretion disc radius (Rdisc) such that,
( τe
1s
)
= (1×106)
(
G0.5mHM0.5
3γkbTc
) ( αh
0.1
)−1 ( M1
M
)0.5 ( Rdisc
1010cm
)0.5
.
(4)
This expression was used to constrain α in Paper I. Note
that, as discussed in Paper I and shown in Dubus et al.
(2001, see their Fig. 6), the central midplane temperature of
the disc (Tc) is only weakly dependent on viscosity and X-
ray irradiation in irradiated discs, thus we can approximate
its value as a constant.
The transition from the viscous to the irradiation-
controlled (linear) phase of the outburst’s decay occurs when
the irradiation temperature at the outer radius is Tirr ≈ 104
K, the temperature at which hydrogen starts to recom-
bine, since it is the outermost region of the disc that starts
the transition to the quasi-neutral, cold state. Therefore we
make use of the irradiation law of Equation 1 to obtain the
value of Cirr by assuming Tirr = 104 K in(
Cirr
T4irr
)
= (5.4×106)
(
ft
10−12ergs−1cm−2
)−1 ( d
kpc
)−2 ( Rdisc
1010cm
)2
.
(5)
Here Cirr depends only on the transition luminosity between
these two stages of the outburst decay and the known mea-
surements of compact object mass (M1), binary mass ratio
(q), and orbital period (Porb). As these quantities are readily
obtained from a combination of fitting X-ray outburst light
curves with the analytical decay model (described in Paper I
and Section 2.2) and a literature search (see Table 1), it is
possible to derive observational constraints on the strength
of the X-ray irradiation heating the outer regions of LMXB
discs using a multi-level Bayesian statistical sampling tech-
nique.
Paper I describes in detail the development and
(python) implementation of the Bayesian methodology we
use to sample Cirr effectively. In short, we have built a hier-
archical model, a multi-level statistical model that makes use
of a combination of known prior distributions and observa-
tional data to estimate a posterior distribution of a physical
quantity effectively.
Together with Equation 5, we sample Cirr using only
the established binary orbital parameters (M1, q, Porb) for a
system as known priors and the observed X-ray light-curve
data. From the light-curves we are able to measure the pos-
terior distribution of the observed flux of the system at the
transition between viscous and irradiation-controlled decay
stages ( ft). This quantity acts as the observational data in
our hierarchical model.
3 APPLICATION TO THE BH-LMXB
POPULATION OF THE GALAXY
3.1 Source and Outburst Selection
We have used the WATCHDOG catalogue (Tetarenko et al.
2016) to compile a representative sample of BH (and BH
candidate) LMXBs in our Galaxy. This sample, consisting
of 13 BH-LMXBs and 30 individual outbursts undergone by
Table 1. The binary orbital parameters of our Galactic BH-
LMXB sample.
Source Name distance M1 q Porb
(kpc) (M) (M2/M1) (hrs)
XTE J1118+480 1.72 ± 0.1 7.2 ± 0.72 0.024 ± 0.009 4.1
MAXI J1305−704 · · · - · · · 9.74
Swift J1357.2−0933 2.3–6.3 12.4 ± 3.6 0.04+0.005−0.003 2.8
GS 1354−64 · · · - 0.12±0.04 61.1
4U 1543−475 7.5±0.5 9.4±2.0 0.25–0.31 26.8
XTE J1550−564 4.4±0.5 10.39±2.3 0.031–0.037 37.0
XTE J1650−500 2.6±0.7 4.7±2.2 · · · 7.7
GRO J1655−40 3.2±0.5 5.4±0.3 0.38±0.05 62.9
MAXI J1659−152 1.6–8.0 · · · - 2.414
GX 339−4 8.0±2.0 · · · - 42.1
Swift J1745−26 · · · - · · · ≤21
MAXI J1836−194 · · · - · · · <4.9
XTE J1859+226 8±3 10.83±4.67 · · · 6.6
NOTE. – All binary parameters taken from the WATCH-
DOG catalogue (Tetarenko et al. 2016), with the exception
of SwiftJ1357.2−0933 (Casares 2016). The observed Galactic
BH distributions from Tetarenko et al. (2016) and Ozel et al.
(2010) are used when no acceptable estimates of BH mass
M1 or binary mass ratio q are available in the literature. A
distance of 8kpc is assumed when no distance estimates exist
in the literature.
these sources, includes only those systems with a known Porb
that have underwent at least one outburst since 1996. Ta-
bles 1 and 2 display binary parameter information, outburst
information, and data availability for our source/outburst
sample.
3.2 Mining X-ray Light-Curves of the Galactic
Population
We have collected X-ray data available during outbursts
occurring in our source sample from the following instru-
ments: (i) Proportional Counter Array (PCA) aboard the
Rossi X-ray Timing Explorer (RXTE), (ii) X-ray Telescope
(XRT) aboard the Neil Gehrels Swift Observatory, (iii) Gas-
Slit Camera (GSC) aboard the Monitor of All-sky Image
(MAXI) Telescope, (iv) Advanced CCD Imaging Spectrom-
eter (ACIS-S) and High Resolution Camera (HRC-S) aboard
the Chandra X-ray Observatory, and (v) European Photon
Imaging Camera (EPIC) aboard XMM-Newton.
We used the RXTE/PCA and MAXI/GSC data ob-
tained with the WATCHDOG project (Tetarenko et al.
2016). This compilation includes all (i) good pointed PCA
observations (i.e. no scans or slews) available (over the 16-
year RXTE mission) in the HEASARC archive and (ii) pub-
licly available MAXI/GSC data from the MAXI archive2.
We obtained Swift/XRT data, including all available
windowed-timing and photon-counting mode pointed obser-
vations, from the Swift/XRT online product builder3(Evans
et al. 2009). Finally, we collected select pointed observa-
tions with Chandra/ACIS-S, Chandra/HRC-S, and XMM-
Newton/EPIC, occurring during the decay phase of out-
2 http://maxi.riken.jp/top/
3 http://www.swift.ac.uk/user objects/index.php
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Table 2. Outburst History for our Galactic BH-LMXB Source Sample
Source Name Outburst tb te Data Refs.
Year (mjd) (mjd) Available
XTE J1118+480 1999/2000 51538.0 51770.0 PCA -
2005 53380.0 53420.0 PCA -
MAXI J1305−704 2012 56009.5 56190.0 GSC,XRT -
Swift J1357.2−0933 2011 55576.5 55653.0 EPIC,PCA,XRT 1
2017 57874.0 57977.0 XRT -
GS 1354−64 1997/1998 50714.0 50870.0 PCA -
2015 57153.0 57315.0 GSC,XRT -
4U 1543−475 2002 52435.0 52503.0 EPIC,PCA 2
XTE J1550−564 1998/1999* 51062.0 51316.0 PCA -
2000 51597.0 51719.0 ACIS-S,PCA 3–5
2001 51934.0 51986.0 PCA -
2001/2002 52261.0 52312.0 ACIS-S,PCA 5
2003 52725.0 52775.0 PCA -
XTE J1650−500 2001/2002 52149.0 52366.0 ACIS-S,PCA 7
GRO J1655−40 1996/1997* 50184.0 50690.0 PCA -
2005* 53415.0 53654.0 PCA -
MAXI J1659−152 2010/2011 55456.5 55685.0 ACIS-S,GSC,PCA,XRT 8
GX 339−4 1996-1999 50259.0 51298.0 PCA -
2002/2003* 52350.0 52750.0 PCA -
2004/2005* 53054.0 53515.0 PCA -
2006 53751.0 53876.0 PCA -
2006/2007* 54053.0 54391.0 PCA,XRT -
2008 54624.0 54748.0 PCA,XRT -
2009 54875.0 55024.0 EPIC,PCA,XRT 9,10
2009-2011* 55182.5 55665.0 ACIS-S,GSC,PCA,XRT 11
2013 56505.5 56608.0 GSC,XRT -
2014/2015 56936.0 57311.0 GSC,XRT -
Swift J1745−26 2012/2013 56178.0 56463.0 XRT -
MAXI J1836−194 2011/2012 55793.5 56154.5 GSC,PCA,XRT -
XTE J1859+226 1999/2000 51437.0 51661.0 PCA -
NOTE. – The outburst year and start (tb) and end (te) times of the outburst are
taken from the WATCHDOG catalogue (Tetarenko et al. 2016). A“*”in the outburst
year indicates that the outburst in question displays complex variability, and thus
is not included in the analysis of this paper. References for Chandra and XMM-
Newton data used – [1] Armas Padilla et al. (2014), [2] La Palombara & Mereghetti
(2005), [3] Tomsick et al. (2001), [4] Tomsick et al. (2003), [5] Corbel et al. (2006),
[7] Tomsick et al. (2004), [8] Jonker et al. (2012), [9] Basak & Zdziarski (2016), [10]
Plant et al. (2014), and [11] Corbel et al. (2013).
bursts in our sample, from the literature. See Table 2 for
details.
All RXTE/PCA, Swift/XRT, and MAXI/GSC light-
curves were extracted in the 2–10 keV band. Following
Tetarenko et al. (2016), individual instrument count-rates
were then converted to flux by using crabs as a baseline
unit and calculating approximate count rate equivalences.
Count-rates from Chandra/ACIS-S, Chandra/HRC-S, and
XMM-Newton/EPIC were converted to flux in the 2–10 keV
band using PIMMS v4.8c4 and spectral information avail-
able in the literature. Lastly, all 2–10 keV band flux light-
curves were converted to bolometric flux light curves using
a combination of the bolometric corrections estimated for
each BH-LMXB accretion state by Migliari & Fender (2006)
and WATCHDOG project’s online Accretion-State-By-Day
tool5, the latter of which provides accretion state informa-
tion on daily timescales during outbursts of BH-LMXBs.
4 http://cxc.harvard.edu/toolkit/pimms.jsp
5 http://astro.physics.ualberta.ca/WATCHDOG
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Table 3. Results of our Bayesian Methodology applied to Outbursts of BH-LMXBs
Source Name Outburst Function Outburst ft (×10−12) tbreak τl f2 (×10−12) τe αh b Cirrc
Year Type Classa (ergs−1cm−2s−1) (mjd) (days) (ergs−1cm−2s−1) (days)
XTEJ1118+480 1999/2000 exp+lin A 2843+15−16 51726.23
+0.36
−0.37 34.18
+0.47
−0.45 2831
+16
−17 85.96
+0.55
−0.56 0.279
+0.017
−0.018
(
1.20+0.44−0.40
)
× 10−1
2005 exp C 0.00002+0.0045−0.00000044 53465.37
+3.37
−0.02 · · · 0.0000079+0.0019−0.00000049 79.0+1.3−1.0 0.303+0.019−0.021 > 4.9 × 100
MAXIJ1305-704 2012 exp+lin A 896+10−12 56128.28
+0.19
−0.10 97.7
+4.2
−4.0 0.78
+0.21
−0.20 52.90
+0.11
−0.12 0.49
+0.11
−0.11
(
2.31+1.96−1.40
)
× 10−2
SWIFTJ1357.2-0933 2011 exp+lin A 425+32−33 55647.0
+3.3
−2.8 57.6
+2.4
−2.8 173
+28
−30 68.3
+2.2
−2.0 0.346
+0.067
−0.065
(
4.5+6.8−2.8
)
× 10−2
2017 exp+lin A 142+20−18 57909.9
+5.2
−4.9 63.4
+3.6
−3.7 7.0
+1.0
−1.0 64.9
+3.5
−3.7 0.366
+0.066
−0.070
(
1.31+2.05−0.81
)
× 10−1
GS1354-64 1997/1998 lin C 7266+77−77 50774.25
+0.86
−0.88 90.6
+1.5
−1.5 · · · · · · · · · < 2.8 × 10−3
2015 exp B 57.8+2.8−2.7 57358.49
+0.94
−0.91 · · · 0.0060+0.0010−0.0011 139.69+0.63−0.65 0.362+0.070−0.066 > 3.7 × 10−3
4U1543-475 2002 exp+lin A 79.0+6.1−5.6 52501.36
+0.60
−0.59 3.43
+0.69
−0.72 5.6
+1.0
−1.0 58.94
+0.42
−0.42 0.66
+0.16
−0.14
(
1.16+0.99−0.69
)
× 100
XTEJ1550-564 2000 exp+lin A 50.9+2.9−3.3 51715.25
+0.57
−0.48 34.2
+3.0
−2.6 0.37
+0.10
−0.10 61.78
+0.38
−0.37 0.96
+0.15
−0.16
(
19.8+8.3−6.7
)
× 100
2001 exp B 52.4+6.0−3.9 52014.5
+9.5
−6.5 · · · 47.4+2.0−2.0 61.9+5.0−5.8 0.962+0.101−0.089 > 9.8 × 100
2001/2002 exp+lin A 37.0+3.4−3.4 52339.91
+0.94
−0.94 5.18
+0.96
−0.99 30.6
+3.6
−3.6 60.38
+0.64
−0.63 0.99
+0.15
−0.15
(
27.2+12.1−9.5
)
× 100
2003 exp+lin A 1000+10−10 52776.93
+0.74
−0.73 4.61
+0.83
−0.84 4.5
+2.1
−2.0 61.89
+0.55
−0.52 0.96
+0.15
−0.14
(
1.00+0.39−0.32
)
× 100
XTEJ1650-500 2001/2002 exp+lin B 1267+47−59 52230.90
+2.1
−1.5 45.8
+1.7
−2.1 533
+16
−16 93.1
+1.3
−1.3 0.185
+0.034
−0.052
(
7.3+7.8−4.6
)
× 10−2
MAXIJ1659-152 2010/2011 exp+lin A 3000+350−380 55522.6
+1.9
−1.6 30.0
+3.2
−2.8 5.8
+2.1
−2.1 60.7
+1.2
−1.2 0.265
+0.059
−0.064
(
2.9+8.2−2.0
)
× 10−3
GX339-4 1996–1999 exp+lin B 2700+10−10 51254.8
+1.3
−1.3 75.6
+1.7
−1.6 10.0
+2.1
−2.1 167.2
+2.1
−2.3 0.250
+0.059
−0.056
(
4.7+7.0−3.1
)
× 10−2
2006 lin A 2456+10−10 53742.7
+1.1
−1.1 160.0
+1.0
−1.0 · · · · · · · · · < 1.2 × 10−1
2008 exp B 16.7+3.2−2.9 54802.3
+8.5
−8.2 · · · 6.9+2.0−2.0 168.2+5.9−5.8 0.247+0.061−0.056 > 6.8 × 10−1
2009 exp B 22.8+6.0−3.5 55048.3
+5.6
−7.6 · · · 1.31+0.49−0.52 166.9+5.0−4.5 0.249+0.060−0.057 > 6.9 × 10−1
2013 exp B 0.0310+0.0084−0.0069 56716.0
+4.8
−4.5 · · · 0.0084+0.0048−0.0046 172.4+3.1−3.5 0.242+0.058−0.054 > 3.3 × 10−1
2014/2015 exp+lin B 2218+16−15 57233.70
+0.34
−0.34 56.77
+0.34
−0.33 0.14
+0.23
−0.11 188.90
+0.25
−0.23 0.222
+0.049
−0.052
(
5.7+8.5−3.7
)
× 10−2
SWIFTJ1745-26 2012/2013 exp+lin B 13280+100−100 56266.5
+2.8
−2.6 104.0
+4.2
−4.4 3070
+100
−100 81.5
+1.9
−1.9 0.410
+0.097
−0.091
(
4.4+3.7−2.7
)
× 10−3
MAXIJ1836-194 2011/2012 exp+lin B 1132+25−22 55894.4
+2.7
−2.6 212.8
+2.6
−2.7 1027
+16
−15 93.1
+1.8
−2.0 0.220
+0.049
−0.053
(
7.3+6.3−4.5
)
× 10−3
XTEJ1859+226 1999/2000 exp+lin A 2648+13−13 51507.12
+0.12
−0.11 111.55
+0.52
−0.50 152
+10
−10 56.61
+0.066
−0.084 0.505
+0.142
−0.093
(
5.0+6.8−3.2
)
× 10−3
aClass of the outburst describing how confident we are in the fit given the available data. See Section 4.2 for a detailed explanation for each
individual outburst.
b from Paper I.
cUpper and lower limits on Cirr are calculated in the cases of pure linear decays by assuming ft is the maximum observed flux and pure
exponential decays by using the minimum observed flux, respectively.
For a detailed account of the complete data reduction and
analysis procedures used refer to Paper I.
4 RESULTS
4.1 X-ray Light Curve Fitting
By fitting the decay profiles found in our sample of BH-
LMXB X-ray light curves with the analytic irradiated disc
instability model described in Paper I and Section 2.2,
we can derive the flux level at which the transition oc-
curs between the viscous and irradiation-controlled decay
stages in a light-curve. We find this transition flux found
in BH-LMXB light-curves to occur between ∼ 3.6 × 10−11 −
1.3× 10−8 erg cm−2 s−1 (for models whose fits we classified as
trusted – Class A; see Table 3 and Section 4.2).
All fitting was performed in logarithmic bolometric flux
space, as opposed to luminosity space, to avoid the possi-
bility of correlated errors resulting from uncertain distance
estimates. Uncertainties in the distance (as well as other bi-
nary parameters) are incorporated within the Bayesian Hier-
archical model itself. Secondary maxima and other rebright-
ening events that can contaminate BH-LMXB decay profiles
are removed by hand before fitting occurs. Removing such
events has been found to have no effect on either of the char-
acteristic timescales derived from the X-ray light-curves.
All 23 fitted X-ray light-curves are presented in pan-
els of Figure A1. Each light-curve has been plotted in
logarithmic space on the main axis. In addition, a small
zoomed-in inset, displaying the outburst in linear space, is
also included. Data in each figure has been colour-coded
by instrument: RXTE/PCA (purple), Swift/XRT (blue),
MAXI/GSC (green), Chandra/ACIS-S and Chandra/HRC-
S (pink), and XMM-Newton/EPIC (orange). All data not
MNRAS 000, 1–13 (2018)
Irradiated Discs in BH-LMXBs 7
included in the fits (including the outburst rise and re-
brightening events) are displayed in translucent versions
of these colors. Shaded background colours show accretion
state information of the source, computed with the WATCH-
DOG project’s Accretion State-by-Day tool (Tetarenko et al.
2016), throughout the outburst on a daily timescale.
A sizeable fraction of BH-LMXB outburst light-curves
in our sample do not display simple“clean”decays. In fact, of
the 30 outbursts in our sample, 23% (7/30) exhibit complex
variability, in the form of multiple intermediate flares and de-
cays, throughout the individual outbursts themselves. While
50% (15/30) show a combination of exponential plus linear
decays, 20% (6/30) show pure exponential decays and 7%
(2/30) show pure linear decays. We reiterate that one should
by no means assume that the standard disc-instability pic-
ture governs the complex variability observed in the form of
intermediate flares/decays. As our analytical decay model
is too simple to draw any conclusions about the cause of
this complex variability, we do not fit or include these out-
bursts that exhibit “complex variability” (marked by a “*”
in Table 2) in any further analysis presented in this paper.
Instead, we review possible causes of this behaviour in the
discussion.
4.2 The Outburst Light-Curve Sample
In Table 3, each outburst in our sample has been assigned
a class (A, B, or C) to indicate how confident we are that
the best fit preferred by our algorithm accurately describes
and constrains the outburst light-curve behaviour. We define
these three classes as follows: (A) the data clearly constrain
the shape of both the viscous (exponential) and irradiation-
controlled (linear) stages of the decay, as well as the tran-
sition point between these two stages; (B) While the data
clearly indicate an exponential or linear decay type, missing
data in the early (near the outburst peak) or late (in the
irradiation-controlled decay) stages of the outburst intro-
duce uncertainty in the fitted transition flux or irradiation-
controlled decay timescale; (C) Due to insufficient data avail-
able, we cannot be confident in our identification of the decay
type, or other fit parameters. In the following paragraphs,
we explain our reasoning behind our classifying individual
outbursts as Class B or C.
GS1354-64 (1997/1998): (Class C) While the algorithm
prefers a pure linear fit, the limited data for this outburst
does not clearly discriminate between a linear or expo-
nential fit. The 2015 outburst of this source (for which
we have relatively complete coverage of both the rise and
viscous decay stage) peaks at a similar flux level to the
first available data of the 1997/1998 outburst. Stochas-
tic variability in an exponential decay may have led our
algorithm to select a pure linear decay instead.
GS1354-64 (2015), GX339-4 (2013), and XTEJ1550-564
(2001): (Class B) We have good coverage of the rise and
viscous portion of the decay in these outbursts. While this
is sufficient to derive a viscous timescale (see Paper I), we
do not observe the transition to the irradiation-controlled
decay. Thus, our transition flux estimates cannot be con-
sidered reliable.
GX339-4 (1996-1999): (Class B) While we have no cover-
age of the outburst peak, sufficient data is available from
the later stages of the viscous decay through to quies-
cence. Thus, we are confident in the fitted transition flux
and irradiation-controlled decay timescale. We note that
even though we are missing the outburst peak, comparison
to other outbursts of the same source with more complete
data coverage validates the fitted viscous timescale and
value of α-viscosity derived from it (see Paper I).
GX339-4 (2008 and 2009): (Class B) In both of these out-
bursts we have good data coverage of both the rise and a
significant portion of the viscous decay, allowing for an ac-
curate fitted viscous timescale. However, both light-curves
display a significant data gap later in the viscous decay
stage. It is possible that the source could have decayed
to quiescence and exhibited a reflare during these gaps,
bringing the validity of the fitted transition flux calcu-
lated by our algorithm into question.
GX339-4 (2014/2015): (Class B) We have good cover-
age of the rise and viscous portion of the decay in this
outburst, and thus an accurate fitted viscous timescale.
However, stochastic variability (e.g. secondary maxima)
occurring around the transition between viscous and
irradiation-controlled decay stages introduces uncertainty
in the transition flux found by our algorithm. Further,
clear structure is seen in the residuals during the late
stages of the decay. Fitting synthetic model light-curves,
which include the effects of disc evaporation (see Sec-
tion 5.2), with our analytical algorithm, we encounter sim-
ilar residual behavior. We postulate that the steeper de-
cline seen in the data may be the result of the inner disc
transitioning to a radiatively inefficient accretion flow, an
effect not taken into account in our analytical algorithm.
MAXIJ1836-194 (2011/2012): (Class B) We have good
coverage of the rise and viscous decay, then a data gap,
after which the source is brighter than before the gap.
It is unclear whether the transition to quiescence at the
end of our data can be associated with the initial viscous
decay, or whether the source would have transitioned to
quiescence during the data gap, in the absence of the re-
brightening episode.
SWIFTJ1745-26 (2012/2013) and XTEJ1650-500
(2001/2002): (Class B) We have sufficient data coverage
during the rise and initial portion of the viscous decay
stage, allowing for our algorithm to determine a viscous
timescale from these light-curves. However, the irregular
flaring behaviour seen in these outbursts (e.g. Yan &
Yu 2017) requires the removal of much of the later data
to fit an appropriate decay curve. The choice of which
data to include is subjective and affects the final fitted
parameters (transition flux and irradiation-controlled
decay timescales) of these outbursts.
XTEJ1118+480 (2005): (Class C) We have only 11 data
points in this decay. Although these are best-fit by an
exponential decay, this conclusion is very uncertain. Fur-
thermore, the best-fit decay from our algorithm generates
an extremely low transition flux. These lead us to suggest
that this decay is actually an irradiation-controlled decay
and that this outburst completely lacks a viscous decay.
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Figure 1. Cirr, the parameter that encompasses the strength of
the X-ray irradiation heating the surface of the outer regions of
BH-LMXB accretion discs (derived by our Bayesian methodol-
ogy) is plotted vs. binary orbital period (Porb). We include the
23 individual outbursts in our sample of 12 Galactic BH-LMXBs
with measured orbital periods. Marker colours represent individ-
ual sources and marker shape indicates accretion state(s) reached
during outburst: (circles) hard/intermediate/soft states and (tri-
angles) only hard state. The error bars show the 68% confidence
interval on Cirr. Cirr is derived during both outbursts where the
source cycles through all the accretion states (canonical) and
those where the source remains only in the hard state (failed).
4.3 The Irradiation Constant (Cirr)
Using our Bayesian hierarchical methodology (as described
in Paper I and Section 2.3), we have sampled the strength of
the X-ray irradiation heating the outer regions of BH-LMXB
discs, parametrized with the irradiation constant Cirr. For
the 15 outbursts in our sample that display the full exp+lin
decay profile, we derive 3 × 10−3 < Cirr < 30. See Figure 1,
Figure 2, and Table 3.
In Figure 1, we see that most, but not all of the systems
with Cirr > 1 (i.e., the most unphysically high Cirr) are asso-
ciated with long-period systems. Similarly, most, but not all,
systems with Cirr > 1 underwent failed outbursts. However,
there are at least two long-period, failed outburst systems
that do not have unphysical Cirr. On the other hand, in Fig-
ure 2, we see that systems with Cirr > 1 can occur in systems
that are more strongly (α ∼ 1) and less strongly (α ∼ 0.2)
transferring angular momentum, regardless of the accretion
state transitions made during the outburst. Future work on
larger samples will be needed to test if long-period, failed
outburst systems continue to dominate the systems where
our Bayesian methodology predicts unphysically high Cirr.
5 DISCUSSION
5.1 The light-curve profiles of BH-LMXB systems
We have found 15 outbursts that display the full exponen-
tial+linear shaped decay profile and thus allow us to deter-
mine Cirr from the transition luminosity. We find values that
are typically a factor ∼ 5 higher than the expected value,
Cirr,expected ∼ 5 × 10−3. Such values can arise if the albedo of
the disc is low and if the intercepted fraction is high, both of
which might result from an irradiation source that is large
and causes X-rays to impinge on the disc vertically (e.g. via
a corona). A value of Cirr ∼ 3 × 10−2 would still be compati-
10-4 10-3 10-2 10-1 100 101 102
Cirr
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α
h
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Figure 2. α-viscosity (αh) plotted vs. Cirr, derived from our
Bayesian methodology. We include the 21 individual outbursts
that exhibit exp+lin or pure exp decays. For the pure exp decays,
only lower limits on Cirr are available. Marker colours represent
individual sources and marker shape indicates accretion state(s)
reached during outburst: (circles) hard/intermediate/soft states
and (triangles) only hard state. The error bars show the 68%
confidence intervals on Cirr and αh .
ble with the stability limits between transient and persistent
LMXBs (Coriat et al. 2012).
However, we also find unphysical values of Cirr > 1 in 4
outbursts and values >0.1 in 2 outbursts. The latter stretch
credibility as they require an unrealistically high fraction of
the X-ray flux to be reprocessed. In three cases (panels h,
k, l of Figure A1) the transition luminosity is essentially set
by the last flux measurement in the lightcurve. At worst, we
have an upper limit on the transition luminosity, hence a
lower limit on Cirr. This issue is not the case for the others,
where the transition can be traced very well in the data.
It is interesting to note that the most physically unrealistic
values of Cirr occour in the largest-orbital-period systems.
We could overestimate Cirr for a variety of reasons in the
context of the model that we applied to the data: because
we underestimate the distance (hence LX); because we un-
derestimate the irradiation flux (e.g. if there is a large FUV
contribution that is not accounted for); and because we over-
estimate the disc radius. We consider that these issues may
lead to corrections of O(1) but are unlikely to explain values
of Cirr reaching 20, more than 1000 times the expected value.
We also find that the linear decay timescale τl and the
exponential decay timescale τe differ significantly in some
cases, whereas both should be comparable according to the
model of King & Ritter (1998). This model implicitly as-
sumes that the viscosity does not depend on the radius
within the hot region of the disc. This assumption is un-
likely to be realized since the disc is close to a steady-state
Shakura & Sunyaev (1973) disc in this region, for which
ν ∝ R3/4 (see e.g., the physical model for non-stationary
viscous α-discs from Lipunova & Shakura (2000) and its
application to observations in Suleimanov et al. 2008 and
Lipunova & Malanchev 2017). In addition, αh might be a
function of radius (Coleman et al. 2016). In this case, τl will
change slightly compared to τe and lead to a more complex
relationship of ÛM with time. The effect of mass loss via a
wind in the hot region is also likely to change τl . However,
in these cases, toy-model calculations lead us to expect dif-
ferences of O(1) between τe and τl , whereas differences of
O(10) are found in Table 3, notably when Cirr is high.
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The standard DIM interpretation of the linear-shaped
portion of the decay profile is the result of a cooling front
propagating inward through the disc at a speed controlled
purely by the decaying X-ray irradiating flux. This model is
most likely an oversimplification. Realistically, the ways in
which these discs are irradiated are complicated by a number
of factors. Some possible explanations to explain the light-
curve profiles we observe are as follows:
At some point in the outburst decay, the inner disc
switches from a radiatively efficient thin disc to a ra-
diatively inefficient corona (i.e. an advection dominated
accretion flow; ADAF). The radiative efficiency η will de-
crease with time, whereas it is assumed constant in the
model. The transition radius (between these accretion
flows) will also move outward as the inner thin disc evap-
orates (Liu et al. 1999; Menou et al. 2000), on a timescale
that may be comparable to the cooling front propaga-
tion timescale. This change differs from the model we use
where the inner radius of the thin disc is assumed con-
stant. A transition radius that propagates outward will
terminate the decay prematurely and result in a small τl
(Dubus et al. 2001).
The irradiation geometry may not be constant during out-
bursts, due to changes in a disc warp or to properties of
the X-ray corona (leading to Cirr changing during out-
burst; Esin et al. 2000a). A major change would be if the
source of irradiating X-rays is not at a distance R but is
much closer to the reprocessing site (for instance if the X-
rays are produced in the corona directly above the disc),
leading to a measured Cirr > 1 given our definition. This
implies the size of the X-ray emitting region would have to
be comparable to the size of the optical emission region.
We consider this unlikely since most of the energy dissi-
pation in the accretion flow naturally occurs close to the
compact object. Furthermore, the irradiation flux would
not be decoupled from the local conditions, contrary to
what is assumed in the model of the linear decay.
Spectral state transitions observed during outbursts (e.g.
McClintock & Remillard 2006) may change the amount
of X-rays absorbed by the outer disc, either because the
geometry changes (for instance, because the inner thin
disc gives way to a geometrically thick disc, or the size of
the corona changes, or an X-ray emitting jet structure ap-
pears) or because harder X-rays deposit heat deeper in the
disc, thus leading to a temporally varying Cirr. However,
there is no clear relation between the X-ray state and the
value of Cirr in the systems investigated here (§4.3).
Heating of the outer disc by tidal heating of the expand-
ing disc or by the stream impact of incoming material
may keep the disc hot longer (Buat-Me´nard et al. 2001),
especially if the mass transfer rate from the companion
is enhanced during outburst (Augusteijn et al. 1993; Esin
et al. 2000b).
A disc wind with the ability to remove a significant portion
of disc mass throughout the outburst decay could affect
how ÛM changes with disc radius and, therefore, how LX
evolves with time (see e.g. Cannizzo 2000). In our model
here, we assumed ÛM was constant with radius in the hot
region. In Paper I, we found strong evidence for disc winds
throughout the outbursts, due to the unusually short vis-
cous timescales (high α) we observe in the light-curves.
There is some evidence that high values of Cirr are corre-
lated with high values of α (Figure 2).
More generically, the transition luminosity that we are
fitting might not be produced by a transition between an
exponential and a linear (irradiation-controlled) decay. In-
stead, the transition luminosity may be produced by some
other physical process going on in the disc or X-ray emis-
sion region, unrelated to the DIM (e.g. a change in how
large-scale magnetic fields diffuse, or in rotational energy-
extraction from the black hole, etc). In (at least) a quarter
of our systems, some other physics must be altering the later
parts of the lightcurves. However, the observed exponential
decay is a robust feature of a fully-irradiated disc accret-
ing on a viscous timescale. Hence the results presented in
Paper I are unaffected by the issues raised above.
The 2002 outburst of 4U 1543−564 is the only out-
burst (of the 15 in this paper) where Cirr has been es-
timated previously. Comparing the optical/near-infrared
and X-ray lightcurves, Lipunova & Malanchev (2017) find
Cirr < 6 × 10−4, which is in conflict with our measurement
of Cirr = 1.16+0.99−0.69. This is one of the sources where we
find a linear decay timescale τl and the exponential decay
timescale τe that differ significantly. While this may point
to an issue with the simplifying assumptions in King & Rit-
ter (1998), this outburst remains difficult to fit when the
formalism of Lipunova & Shakura (2000) and Lipunova &
Malanchev (2017) is adopted. Lipunova & Malanchev (2017)
attempted to fit theoretical lightcurves to the outburst: ei-
ther Lbol ∝ t−10/3 for a viscous decay (our “exponential” de-
cay) or Lbol ∝ (t − tend)40/13 for an irradiation-controlled de-
cay (our “linear” decay), where tend is the time the source
returns to quiescence. Although they found an acceptable
solution for the latter, they only fit to X-ray data taken
within ∼ 30 days of the peak X-ray flux. The X-ray data
continue another ∼ 30 days. While we can reproduce their
fit when only ∼ 30 days of X-ray data are included, a pure
irradiation-controlled decay cannot fit the entire lightcurve
decay. This demonstrates the need for a more-detailed com-
parison (which is beyond the scope of this paper) of how
different formalisms fit existing data, as well as how differ-
ent formalisms can or cannot constrain α and Cirr based on
X-ray lightcurves alone.
5.2 Comparison of our Bayesian Methodology
with Numerical Disc Codes
Given the occasional high values of Cirr that we measured in
Section 4.3 and the potential issues regarding the simplifying
assumptions that we discussed in Section 5.1, we investigate
here how our Bayesian statistical methodology compares to
numerical disc codes that were built to simulate accretion
flows in binary systems. We have applied our method to a set
of synthetic light-curves computed with the code described
in Dubus et al. (2001), which uses the same description of the
irradiation flux that we used. This code is developed from
the numerical scheme of Hameury et al. (1998), adapted to
include irradiation heating from Dubus et al. (1999) and
inner disc evaporation (Menou et al. 2000). Using this code
we have run 46 individual disc models that cover the large
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BH-LMXB parameter space well. These models vary from
4 M < M1 < 15 M, 3 × 1010 < Rdisc < 1 × 1012 cm, 0.1 <
αh < 1.0, and 0.005 < Cirr < 0.1.
By reversing the direction of our Bayesian hierarchical
methodology, we gain the ability to predict a light-curve
profile. In this case, the known priors used are M1 and
Rcirc (specified for each code run) and q, taken as a uni-
form distribution between the minimum and maximum of
the known values of q for all dynamically confirmed BHs in
the Galaxy. The “backwards” Bayesian hierarchical method-
ology then uses these known priors in combination with
known disc/system properties (αh, Cirr, − ÛM2) specified for
each code run, to sample the remaining parameters (τe, τl ,
and Lt) that our analytical irradiated disc instability model
needs to describe a LMXB light-curve profile. For a detailed
description of the implementation and use of our Bayesian
hierarchical model, see Paper I.
In 34 of the 46 runs, the heating fronts reach the outer
edge of the discs. At the peak of each outburst in these runs,
the entire disc is in the hot, ionized state (i.e. Rh = Rdisc).
Thus, (as expected) we observe the characteristic exp+lin
shaped decay profile. In the remaining 12 runs the heat-
ing fronts do not reach the outer edges of the discs due to
weaker irradiation. As Rh < Rdisc in these cases, the syn-
thetic light-curves exhibit only a pure linear-shaped decay.
Unfortunately, in these cases, where the heating front does
not reach the outer edge of the disc, we are not able to pre-
dict the light-curve profile with the “backwards” Bayesian
hierarchical methodology.
Taking into account only the runs in which the char-
acteristic exp+lin shaped decay profile is observed, we find
that the 1σ confidence intervals for the lightcurves gener-
ated by the“backwards” Bayesian methodology include the
synthetic model light-curve output by the numerical code in
74% (25/34) of the runs.
Figure A2, in the Appendix, display light-curve compar-
ison plots for a representative sample of disc models we have
run, demonstrating how our Bayesian hierarchical method-
ology matches the light-curve profile predicted by the nu-
merical code.
For each model, the “backwards” hierarchical method-
ology samples τe, τl , and Lt . These parameters can then be
used to estimate α, and Cirr using the same method we used
on the observed data. In Figures 3-5, we display correlation
plots, comparing the three light-curve parameters (τe, τl ,
and Lt , where the latter corresponds to ft at a known dis-
tance) derived from our Bayesian methodology to the same
set of parameters predicted by the disc code. Here, each disc
model run has been colour coded, with green and red rep-
resenting those runs in which we effectively match and can-
not match the model light-curves to within 1σ confidence
intervals, respectively. For the well-matched light curves, in-
dividual values of Lt are within 1 (9/25) – 2 (24/25) σ of
the model values; we typically underpredict Lt by a factor of
∼ 2. Similarly, individual values of τe are within 1 (12/25) –
2 (24/25) σ of the model values; we typically overpredict τe
by a factor of ∼ 1.2. We have more difficulties reproducing
values of τl : 8, 12, and 16 out of 25 models are within 1,
2, and 3 σ of the model τl values, respectively. Here, if we
correct for our underpredicting τl by a factor of ∼ 1.5, we
get much stronger agreement: 10 and 24 models are within
1 and 2 σ of the model τl , respectively.
Our slight overprediction of τe might suggest that the
intrinisic α may be slightly higher than that we measured
in Paper I. This highlights that we were conservative there,
even when claiming high values of α. We also note that the
values of the α-viscosity in the hot disc (αh) used to create
the synthetic light-curves in each of the well-matched code
runs are enclosed within the one-sigma confidence interval
of the value of these parameters implied by the “backwards”
Bayesian methodology in 24/25 cases (the other is within
the 2 σ confidence interval).
While we underpredict Lt by a factor of ∼ 2, this does
not strictly transfer to our having overpredicted Cirr by a
factor of ∼ 2, as might be implied from Equation 5. In our
Bayesian approach, we do not have a strong constraint on
Rdisc. And in fact, our Bayesian values of Cirr are a factor of
∼ 2 lower than the model’s input value. Since Rdisc is sam-
pled from a uniform distribution between the circularization
radius Rcirc and outer disc radius Rmax, Rdisc,median ≈ Rmax/2).
Given Equation 5, this explains how we can both underpre-
dict Lt and Cirr. Because of the large range in the Rdisc prior,
all but one of the 1 σ confidence intervals for Cirr from the
Bayesian approach include the model value of Cirr.
We note that correcting for our underprediction of Cirr
exacerbates the issue of too-high Cirr values we report on in
this paper. The large (and sometimes unphysical) values of
Cirr that we are deriving via our Bayesian methodology are
likely caused by a physical mechanism in the binary systems
themselves.
Analyzing the 26% (9/34) of the runs that are unable to
reproduce the model light-curves from the code, we find that
our Bayesian methodology has trouble dealing with strong
irradiation (0.01 < Cirr < 0.1), when combined with large
discs (Rcirc > 1 × 1011 cm) and large viscosities (αh > 0.7).
We postulate that a possible explanation for this could stem
from the fact that our Bayesian method is underestimating
the increase in outburst duration that should happen, as
a result of the delay in cooling-front propagation allowing
more mass to be accreted, when irradiation is stronger. It
remains unclear why our Bayesian method underestimates
the timescale of the linear-shaped portion of the decay in
these cases.
6 SUMMARY
The X-ray light-curves of the recurring transient outbursts
occurring in LMXBs encode within them the physics be-
hind the mechanisms driving mass inflow and outflow in
these binary systems. We have developed an algorithm that
effectively links the disc-instability picture (including irra-
diation) to observations of real accretion discs. This algo-
rithm characterizes a light-curve profile into definitive stages
based on observable properties (i.e. timescales, flux) describ-
ing how matter moves through LMXB discs throughout an
outburst.
We have tested this method against model light-curves
calculated under the assumptions of the disc instability
model, including irradiation and evaporation. We reproduce
(to within 1σ confidence) the model light-curves derived
from the numerical code for 74% of the disc models we ran,
only having trouble reproducing specific models involving
a combination of very strong irradiation, large discs, and
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Figure 3. Correlation plot for the viscous timescale in the hot
disc (τe), comparing the predicted value (from the numerical
code) to the Bayesian value (from our methodology). Error bars
show the 1σ confidence interval from our Bayesian methodology.
Data is colour coded to show whether or not we can reproduce
the entire model light-curve decay with our Bayesian method.
The black dotted line represents the 1-to-1 line on the plot.
large values of the α-viscosity parameter. We note that, with
only the knowledge of the peak outburst flux/luminosity re-
quired, our Bayesian methodology can predict the outburst
decay profile, and thus, may prove a tool to aid ongoing ob-
servational monitoring campaigns of X-ray binaries at opti-
cal through X-ray wavelengths.
Applying this Bayesian methodology to a representa-
tive sample of X-ray light-curves from outbursts occurring
in BH-LMXBs, we have derived observational constraints
on the efficiency of the angular-momentum transport pro-
cess (α-viscosity; presented in Paper I), and the strength
of the X-ray irradiation heating (parametrized by Cirr) , in
the outbursts of LMXBs according to the DIM (this paper).
We find that the strength of the X-ray irradiation parame-
ter, describing the heating of the outer regions of the discs
in these systems, lies in the range 3 × 10−3 < Cirr < 30.
Values of Cirr ≥ 1 are clearly unphysical. The outburst de-
cay profile is predicted to show a final, linear-shaped stage,
due to a cooling front propagating inward through the disc,
at a rate controlled by the amount of irradiation heating.
We conclude that our modeling of this stage inadequately
describes part of our sample of BH-LMXB outburst light-
curves. We suggest that the varied light-curve morphology
we observe proves that the late-time evolution of the disc
is more complex than linear (a dependence that has been
obtained using strong simplifying assumptions). It also pro-
vides indirect evidence for the existence of a temporal and
spatially varying X-ray irradiation source heating the discs
in these systems. More likely, given the high values of Cirr,
it suggests that the lightcurve morphology, beyond the ex-
ponential decays that are well-accounted for by a viscously-
accreting fully-irradiated disc, involve a variety of physical
mechanisms of which irradiation is only one. In particular,
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Figure 4. Correlation plot for the linear decay timescale in the
disc (τl), comparing the predicted value (from the numerical
code) to the Bayesian value (from our methodology). Error bars
show the 1σ confidence interval from our Bayesian methodology.
Colours are the same as in Figure 3. The black dotted line repre-
sents the 1-to-1 line on the plot.
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Figure 5. Correlation plot for the transition luminosity in the
disc (Lt ), comparing the predicted value (from the numerical
code) to the Bayesian value (from our methodology). Error bars
show the 1σ confidence interval from our Bayesian methodology.
Colours are the same as in Figure 3. The black dotted line repre-
sents the 1-to-1 line on the plot.
mass loss through inner disc evaporation to a radiatively-
inefficient structure or through a magnetized disc wind may
play a prominent role in shaping the outburst lightcurves, a
significant change in paradigm.
To begin to understand the evolution of accretion disc
structure and the geometry of the X-ray irradiating source
heating the discs through the course of a LMXB outburst,
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it is clear that we require a method that is (i) not limited by
the complexity of light-curve morphology observed (e.g. can
deal with variability on a range of timescales), or is (ii) tied
directly to the simplifying assumptions of the DIM. Possi-
ble future avenues of investigation to effectively tackle this
complex, multi-scale problem include: making use of simul-
taneous, multi-wavelength, time-series data sets and phase-
resolved spectroscopic data. For example, one could use the
observed UVOIR spectral energy distribution (SED), at dif-
ferent times during an outburst, to model the irradiated disc
in the binary system, with the goal of trying to understand
the time-series evolution of the X-ray irradiation heating
the disc in the system (e.g. Hynes 2005, Russell et al. 2006,
Gierlin´ski et al. 2009, Meshcheryakov et al. 2018). Another
possibility is to make use of a combination of optical and X-
ray light-curves of these systems. Here, constraints on Cirr
can be derived by computing the fraction of X-ray emis-
sion needed to be reprocessed to explain the observed op-
tical luminosity (e.g., see Suleimanov et al. 2008; Lipunova
& Malanchev 2017). A third possibility involves using the
correlation between X-ray and optical variability often ob-
served in LMXBs to understand physical properties of the
different components (i.e. disc vs. corona) that make up the
accretion flow in LMXBs. These properties include the size
of the emitting regions, and the characteristic timescales at
which matter moves through different regions of the accre-
tion flow (e.g. Malzac et al. 2003; Hynes et al. 2004; Veledina
et al. 2017; Gandhi et al. 2017).
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(e) 2017 outburst of SwiftJ1357.2−0933
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(l) 2003 outburst of XTEJ1550−564
Figure A1. X-ray outburst light-curves for our BH-LMXB sample. Error bars are individual instrument statistical uncertainties only.
The inset axes shows the data on a linear scale. Red arrows indicate where the transition between viscous and irradiation-controlled decay
stages occurs (where applicable). Background shaded colours show the accretion state(s) of the source, computed from the WATCHDOG
project (Tetarenko et al. 2016), throughout the outburst: blue = hard, yellow = intermediate, red = soft. The best fit analytical model is
represented by the solid black line and residuals are presented in the lower panel of each figure. Coloured circular markers represent data
from individual X-ray instruments: XTE/PCA (purple), Swift/XRT (blue), MAXI/GSC (green), Chandra/ACIS-S and Chandra/HRC-S
(pink), and XMM-Newton/EPIC (orange). Translucent data markers indicate portions of the outburst not included in the fit (e.g. the
rise of the outburst, flares and re-brightening events).
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Figure A1 – continued X-ray outburst light-curves for our BH-LMXB sample. Error bars are individual instrument statistical uncer-
tainties only. The inset axes shows the data on a linear scale. Red arrows indicate where the transition between viscous and irradiation-
controlled decay stages occurs (where applicable). Background shaded colours show the accretion state(s) of the source, computed from
the WATCHDOG project (Tetarenko et al. 2016), throughout the outburst: blue = hard, yellow = intermediate, red = soft. The best fit
analytical model is represented by the solid black line and residuals are presented in the lower panel of each figure. Coloured circular mark-
ers represent data from individual X-ray instruments: XTE/PCA (purple), Swift/XRT (blue), MAXI/GSC (green), Chandra/ACIS-S
and Chandra/HRC-S (pink), and XMM-Newton/EPIC (orange). Translucent data markers indicate portions of the outburst not included
in the fit (e.g. the rise of the outburst, flares and re-brightening events).
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Figure A2. Example outburst correlation plots comparing the predicted (from the numerical code) and Bayesian estimates (from our
methodology) of the: light-curve decay profiles in log (top panel) and (second panel) linear space, (third panel) mass in the hot disc over
time, and (bottom panel) outer disc radius, for varying M1, αh , Cirr, and Rcirc. The solid lines represent the output of the numerical code.
The dotted lines and shaded regions represent the best-fit value and 1σ confidence intervals from our Bayesian methodology, respectively.
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Figure A2 – continued Example outburst correlation plots comparing the predicted (from the numerical code) and Bayesian estimates
(from our methodology) of the: light-curve decay profiles in log (top panel) and (second panel) linear space, (third panel) mass in the
hot disc over time, and (bottom panel) outer disc radius, for varying M1, αh , Cirr, and Rcirc. The solid lines represent the output of
the numerical code. The dotted lines and shaded regions represent the best-fit value and 1σ confidence intervals from our Bayesian
methodology, respectively.
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